Hypoxic cells are common in tumors and contribute to malignant progression, distant metastasis and resistance to radiotherapy. It is well known that tumors are heterogeneous with respect to the levels and duration of hypoxia. Several strategies, including high-oxygen-content gas breathing, radiosensitizers and hypoxic cytotoxins, have been developed to overcome hypoxia-mediated radioresistance. However, with these strategies, an increased tumor control rate is often accompanied by more severe side effects. Consequently, development of assays for prediction of tumor response and early monitoring of treatment responses could reduce both overand undertreatment, thereby avoiding unnecessary side effects. The purpose of this review is to discuss different assays for measurement of hypoxia that can be used to detect changes in oxygen tension. The main focus is on exogenous bioreductive hypoxia markers (2-nitroimidazoles) such as pimonidazole, CCI-103F, EF5 and F-misonidazole. These are specifically reduced and bind to macromolecules in viable hypoxic cells. A number of these bioreductive drugs are approved for clinical use and can be detected with methods ranging from noninvasive PET imaging (low resolution) to microscopic imaging of tumor sections (high resolution). If the latter are stained for multiple markers, hypoxia can be analyzed in relation to different microenvironmental parameters such as vasculature, proliferation and endogenous hypoxia-related markers, for instance HIF1␣ and CA-IX. In addition, temporal and spatial changes in hypoxia can be analyzed by consecutive injection of two different hypoxia markers. Therefore, bioreductive exogenous hypoxia markers are promising as tools for development of predictive assays or as tools for early treatment monitoring and validation of potential endogenous hypoxia markers. ᭧
Clinically relevant levels of hypoxia are detected in about 50-60% of all solid tumors irrespective of size and histopathological features (1) . Hypoxia is associated with tumor progression, increased aggressiveness, enhanced metastatic potential and a poor prognosis due to clonal selection or genomic or proteomic changes (2) (3) (4) (5) (6) . In addition, hypoxia affects different anticancer treatments negatively.
More than half a century ago, it was demonstrated that the effect of radiation is affected by the oxygenation status of the tissue (7, 8) . Over the past decades, evidence has accumulated showing that hypoxia is one of the major factors influencing radiotherapy negatively. Pretreatment oxygen tensions (pO 2 values) were predictive for local control and survival after surgery or radiotherapy in head and neck carcinomas and carcinomas of the uterine cervix (9) (10) (11) (12) . Different approaches have been developed to overcome treatment resistance caused by hypoxia, including the use of hypoxic cell sensitizers such as misonidazole and nimorazole (13) , the use of vasoactive drugs such as nicotinamide (14) , high-oxygen gas breathing under normo-or hyperbaric conditions (15) (16) (17) (18) , and hypoxic cytotoxins such as tirapazamine (19, 20) . An analysis of 83 randomized clinical trials comparing radiotherapy alone and radiotherapy combined with treatments designed to modify or target tumor hypoxia showed that both local control and survival could be improved by reducing or specifically targeting tumor hypoxia (21) .
Although oxygenation-modifying treatment protocols generally increase both local control rate and overall survival in several patient categories, not all of the patients treated benefit from these treatment approaches. Dynamic measurements of hypoxia during oxygenation-modifying treatments such as carbogen breathing could enable selection of responding and nonresponding patients. For the nonresponders, a reduction of unnecessary overtreatment would result in decreased side effects for these patients, allowing selection of another treatment modality that might be more appropriate, for example specifically targeting hypoxic cells, such as with tirapazamine.
128 REVIEW The purpose of this review is to give an overview of the relevance of tumor cell hypoxia and different techniques for detection and quantification of hypoxia. The main focus is on exogenous bioreductive hypoxia markers (2-nitroimidazoles), which label viable hypoxic cells. These hypoxia markers can be detected with various techniques, and by means of consecutive injection of two different hypoxia markers, temporal and spatial changes in hypoxia can be detected.
PATHOPHYSIOLOGY OF HYPOXIA
Various aspects of tumor biology, for example hypoxia and proliferation, are often studied in isolation. However, the tumor microenvironment comprises a dynamic system with complex structural and functional interactions. It is characterized by abnormal and heterogeneously organized tumor vasculature with reduced functionality (22) (23) (24) (25) (26) , and considerable differences have been reported among tumors of the same localization, histology or differentiation grade. The intervascular distances are generally longer in tumors than in normal tissue (27) (28) (29) , and tumors often have an imbalance between tumor cell proliferation and cell death. Consequently, tumor cells frequently outgrow the vasculature, which contributes to the development of tumor cell hypoxia.
In the 1950s and 1960s, corded tumor structures were described that consisted of blood vessels surrounded by viable tumor cells followed by necrosis at greater distances from the vessels. Thomlinson and Gray postulated that the expected oxygen diffusion distance in tissue would be approximately 150 m, which was in accordance with the thickness of the cord of viable tumor cells (22, 30) . It was suggested that the presence of necrosis could be explained by diffusion-limited starvation, with oxygen being a limiting factor. The presence of this kind of diffusion-limited, chronic hypoxia has been verified with bioreductive hypoxia markers such as CCI-103F, pimonidazole and EF5. The labeled tumor cells are generally found at greater distances from blood vessels, with increasing staining intensities along gradients of decreasing oxygen tensions. The most intensely stained cells are often located in the perinecrotic regions (25, (31) (32) (33) (34) (35) .
Evidence of heterogeneous and intermittent blood flow has been obtained by window chamber studies of rat rhabdomyosarcomas (36) . Complete occlusion of blood flow would result in rapid consumption of the remaining oxygen in the surrounding tissue. Therefore, it was suggested that perfusion-limited, acute hypoxia could occur as a consequence of transient changes in tumor blood flow (37) . This was verified in vivo in experimental tumors by the use of two consecutively injected perfusion markers, Hoechst 33342 and DiOC 7 (38) . Complete vascular occlusions are rather uncommon; however, small changes in perfusion rate involving individual vessels or clusters of vessels frequently may occur (39) (40) (41) (42) . These can cause steep longitudinal gradients of oxygen and nutrients along vessels, resulting in transient periods of hypoxia (43, 44) . The presence of tumor vessels with plasma flow but low or absent red blood cell flux indicates that diffusion-limited chronic hypoxia may also be present in the vicinity of blood vessels (42) . Thus intermittent levels of hypoxia may originate from perfusion or diffusion limitations but more likely from a mixture of these (43) , while the number of blood vessels in the tumor stroma does not necessarily reflect the tumor blood flow. Therefore, low perfusion rates and hypoxia may be present in tumor tissue despite high densities of (nonfunctional) vessels. Consequently, in many tumors the hypoxic cell population is heterogeneous with respect to the level and duration of hypoxia.
DETECTION OF HYPOXIA
The importance of hypoxia for radiation treatment and as a specific target for anticancer treatments (45) indicates the need for measurements of clinically relevant hypoxia. Therefore, assays are needed (1) for prediction of patient outcome, (2) as a tool to select treatments on an individual basis, and (3) for evaluation of early treatment response. To achieve this, further understanding of tumor cell hypoxia in relation to other clinically relevant parameters is necessary (46) . Although several methods exist for detection of hypoxia, only the Eppendorf electrode (9, 47, 48) and the bioreductive hypoxic cell markers pimonidazole and EF5 (12, 49) have shown prognostic significance in clinical studies or have been able to discriminate responders from nonresponders on a group basis.
The assays that are available for detection of tissue hypoxia can be divided into three major groups: (1) direct measurements of oxygen tension, (2) endogenous cell markers being expressed under hypoxic conditions, and (3) exogenous nitroimidazole-based assays (5, 50, 51) . The relevance of data obtained with the above-mentioned methods can be compared to the radiobiological hypoxic fraction obtained by the comet assay (52, 53) and paired survival curve assay (54, 55) . Direct comparisons among studies using different assays are complicated due to the fact that the definitions of hypoxia, the spatial resolutions, and the timing of analyses differ. Most of the available assays provide static information about the tissue oxygenation status. However, some methods have been developed to allow measurements of changes in the oxygenation status over time.
DEFINITIONS OF HYPOXIA
Hypoxia can be described as the oxygen tension at which the metabolic demand in stroma, endothelial cells and tumor cells exceeds the supply. Oxygen tensions ranging from near atmospheric levels of 21% O 2 (159 mmHg) to 2-8% (15-60 mmHg) are found in normal tissues (56) , making it difficult to define hypoxia as being at or below a specific pO 2 value. Due to differences in experimental 129 REVIEW end points and in detection methods, several definitions of tumor hypoxia exist in the literature. Therefore, it is important to clearly define hypoxia in publications. Some of the most common definitions of tumor hypoxia are outlined below. The radiobiological hypoxic fraction is based on the difference in survival between tumors or cells irradiated under ambient compared to anoxic conditions. In in vitro studies, the hypoxic conditions for cell cultures are often defined as parts per million. Direct measurements of the oxygen tension with electrodes such as Eppendorf and OxyLite are commonly expressed in mmHg, and tumor hypoxia is often defined as the fraction of measurements with a pO 2 Յ 10, 5 or 2.5 mmHg. In contrast, hypoxia detected with exogenous bioreductive markers in immunohistochemically stained tumor sections is often expressed as the fraction of the tumor cells or surface that is labeled with the hypoxia marker. Therefore, caution has to be taken when different assays are compared. Throughout this review, hypoxia is generally defined as the proportion of cells with pO 2 Յ 10 mmHg corresponding to the oxygen tension below which a steep increase in reduction and binding of 2-nitroimidazoles is found.
DIRECT MEASUREMENTS OF OXYGEN TENSION

Oxygen Electrodes
Direct real-time measurements of oxygen tension in tissue can be performed with oxygen electrodes such as the Eppendorf polarographic needle electrode (50, 57, 58) 2 and the OxyLite fiber-optic probe (59) (60) (61) . Despite differences in modes of action, measurements with the Eppendorf electrode and OxyLite probe result in comparable pO 2 values in the range of 0-30 mmHg (61, 62) .
The Eppendorf electrode consumes small amounts of oxygen and is moved throughout the tissue during measurements providing multiple samplings. The Eppendorf electrode provided the first clinical evidence that intratumoral oxygen tension was predictive of locoregional control (57) or survival in human cancers (63) . Based on polarographic pO 2 measurements, it was possible to separate responders from nonresponders in several clinical trials (9, 47, 48) . Therefore, many investigators have considered Eppendorf measurements as a ''gold standard'' of hypoxia in human tumors (46, 50) .
The OxyLite probe does not consume oxygen during measurements and can be left at one position for a longer period (61, 64) . OxyLite can detect temporal fluctuations in pO 2 of intrinsic origin (60) or changes induced by oxygen-modifying treatments such as carbogen breathing (59, 65) or hydralazine (66) . In addition, the fiber-optic OxyLite probe is nonmagnetic and nonconducting, making it compatible with MR technology (61 promising tool for monitoring dynamic changes in oxygen tension, OxyLite has been used only in experimental tumors. Therefore, Eppendorf and OxyLite are not mutually exclusive but rather are complementary.
A general advantage of oxygen electrodes is the direct and rapid real-time measurements of absolute pO 2 levels. However, due to the invasive nature of the measurements, these are feasible only in easily accessible tumors (46, 67) . In addition, the spatial resolution is low, and measurements reflect the average oxygen tension over thousands of cells. Therefore, it is not possible to distinguish necrosis from severe hypoxia, which may bias measurements in tumors with substantial amounts of necrosis.
Noninvasive Measurements of pO 2
MR-based assays provide noninvasive, low-resolution measurements of absolute pO 2 values that are based on recorded spectra from paramagnetic agents. These paramagnetic agents can be either endogenous, such as oxyhemoglobin, or exogenous, such as charcoal emulsions or perfluorocarbons (68) . When a contrast agent is not administered, MR techniques are noninvasive. The available techniques include the MR-based gradient recalled echo (GRE) imaging, magnetic resonance imaging (MRI) (68) , electron paramagnetic resonance (EPR) oximetry (69, 70) , magnetic resonance spectroscopy (MRS) (71) (72) (73) , and spinlattice relaxation of fluorinated MR agents (74).
Blood oxygen-dependent level (BOLD) imaging is an MRI technique that is sensitive to the oxygenation status of hemoglobin. The BOLD contrast results from the endogenous change in paramagnetic deoxyhemoglobin, which results in a variation in MRI signals and offers a noninvasive tool to detect changes in tumor oxygenation without the need for an exogenous contrast agent (75, 76) . The change in the oxygenation of rodent tumors upon carbogen breathing illustrates that BOLD functional MRI is a potential and promising application for monitoring the response of tissues to oxygenation-modifying treatments in the clinical setting.
The EPR technique uses paramagnetic contrast agents such as India ink or charcoal, which produce EPR spectra reflecting the absolute oxygen tension (68, 69) . The intratumoral injection of the contrast agents is not trivial, and EPR is a technically demanding method that is yet to be validated in human tumors. However, it is a promising technique because one injection of a contrast agent is sufficient for repeated measurements over a relatively long period. Perhaps more important, it allows monitoring of changes in oxygenation induced by, for instance, carbogen breathing (68, 69, (77) (78) (79) . The in vivo applications of EPR in experimental tumors has made it clear that in vivo EPR has the potential to be applied (1) for selection of treatments on an individual basis based on pretreatment pO 2 levels and (2) for evaluation of early responses during oxygen-modifying treatments.
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INDIRECT MEASUREMENTS OF OXYGEN TENSION: ENDOGENOUS MARKERS OF HYPOXIA
Hypoxia is a potent modulator of gene expression, regulating 1-2% of the genome (56, 80) , including genes for growth factors that stimulate angiogenesis, cell proliferation and metastasis (3, 4, (81) (82) (83) . Genes and proteins involved in the ''hypoxia response'' have received interest as potential endogenous markers of hypoxia, and several of these proteins can be detected with immunohistochemistry. Among the candidates are hypoxia inducible factor 1 (HIF1), carbonic anhydrase IX (CA-IX), osteopontin and the facilitated glucose transporters 1 and 3 (GLUT1, GLUT3). A large number of the genes involved in the ''hypoxia response'' may not be directly dependent on low oxygen tensions; instead, expression could be induced by tumor and microenvironmental factors such as differentiation, availability of glucose and pH. For instance, hypoxic cells often switch to anaerobic glycolysis, resulting in an increased need for glucose, followed by up-regulation of the GLUTs, eventually resulting in intracellular acidosis. Subsequently the cells can respond to the low pH with expression of CA-IX. However, hypoxia-independent up-regulation of those genes cannot be excluded completely. This complicates the interpretation of expression of endogenous hypoxia markers and explains some of the conflicting results obtained in clinical studies. Nevertheless, an advantage of endogenous hypoxia-related markers is that they can be analyzed both in archival material and in prospective clinical studies (51) .
Hypoxia Inducible Factor 1
The transcription factor hypoxia inducible factor 1 (HIF1) plays an essential role in the adaptive response of cells to hypoxia and is one of the key regulators of oxygen homeostasis (84) . Hydrolysis of its constitutively expressed ␣ subunit becomes inhibited under hypoxia, followed by translocation to the nucleus. Heterodimerization of its ␣ and ␤ subunits results in the active HIF1 protein that binds to specific hypoxia-responsive elements in target genes, ultimately activating transcription of these genes (85) (86) (87) . Active HIF1 mediates trans-activation of more than 60 genes primarily involved in adaptation to hypoxia via glycolysis and angiogenic signaling (87, 88) . Among the better-known HIF1-regulated gene products are vascular endothelial growth factor (VEGF), erythropoietin (EPO), facilitated glucose transporters 1 and 3 (GLUT1 and GLUT3) (86, 87, 89) , and carbonic anhydrase IX (CA-IX) (90) .
Since overexpression of HIF1A is common in solid tumors and their metastases (91, 92) , the gene product has been evaluated as an endogenous hypoxia marker for several tumor types. Studies of head and neck, bronchus and brain tumors have shown an association between HIF1A and failure of locoregional control and/or impaired diseasefree survival (93) (94) (95) (96) , although in some tumors the opposite has been reported (96, 97) . In addition to these inconsistent results, a poor correlation of HIF1A with bioreductive hypoxic markers such as pimonidazole and EF5 has been reported (98-100). Furthermore, expression of HIF1A has been reported in normally oxygenated tissues, which could reflect glucose depletion, activation of HIF1A protein synthesis or post-translational modification of the supporting actors (80) . Therefore, it is unlikely that HIF1A is specific enough to function as a surrogate marker of hypoxia.
Carbonic Anhydrase IX
Carbonic anhydrases participate in a variety of biological processes including pH regulation and respiration. The CA9 gene encoding the tumor-associated carbonic anhydrase IX (CA-IX) is strongly up-regulated by hypoxia through HIF1 (90) . Both the endogenous hypoxia-associated protein CA-IX and the exogenous hypoxia marker pimonidazole can be detected with immunohistochemistry in tumor sections. Comparisons of CA-IX expression and pimonidazole binding by immunohistochemistry revealed similar patterns of staining but lacked an absolute spatial co-localization (12, (101) (102) (103) (104) . The lack of an absolute spatial match between pimonidazole and CA-IX suggests that it may become expressed at a different oxygen tension than the pO 2 level at which pimonidazole becomes reduced and binds to tumor cells. In addition the slow induction and high stability of CA-IX may explain some of the observed spatial differences between CA-IX expression compared to binding of pimonidazole that was given shortly before tumor excision (105) (106) (107) (108) . However, the relationship between CA-IX expression and prognosis is unclear since studies with and without a significant association between these parameters have been reported (12, 101, 104, (109) (110) (111) (112) . CA-IX remains a promising endogenous marker of hypoxia since it demonstrates staining patterns similar to bioreductive hypoxia markers. Due to the kinetic profile of expression and turnover, it may be regarded as an indicator of longer periods of predominantly diffusion-limited hypoxia.
Glucose Transporters
Facilitated glucose transporters (GLUTs) mediate cellular glucose uptake and HIF1-mediated overexpression of glucose transporters has been demonstrated in vitro (113) . Overexpression of the glucose transporters GLUT1 and GLUT3 has been reported in a variety of human cancers (114) (115) (116) (117) (118) (119) , and expression at distances further from the vasculature in perinecrotic areas suggests a relationship with diffusion-limited hypoxia (120, 121) . In carcinomas of the uterine cervix, a significant correlation between GLUT1 and the exogenous hypoxia marker pimonidazole and between expression of GLUT1 and CA-IX was found. This further supports a relationship between GLUT1 and hypoxia (101) . A weak correlation between GLUT1 and low pO 2 values detected by oxygen microelectrodes has been reported in some but not all studies (120, 122) . In addition, conflicting results have been reported regarding GLUT1 as 131 REVIEW an indicator of prognosis (112, 117, 123) . Therefore, it is still unclear whether the glucose transporters are specific enough to serve as endogenous hypoxia markers, and the clinical value of these as a prognostic factor remains unclear.
Other Hypoxia-Related Proteins
Examples of other hypoxia-induced proteins that are under investigation include IB kinase ␤ (IKKB) (124) , involucrin (125) , ostepontin (126) , the epidermal growth factor (EGFR) (127) , and the activating transcription factor 4 (ATF4) (128) . However, it has not yet been proven whether all these markers actually are up-regulated in vivo in hypoxic tumor areas. It was demonstrated by Le et al. that plasma osteopontin levels correlated with tumor hypoxia in head and neck carcinomas as measured by Eppendorf microelectrodes (126) . In addition, the DAHANCA 5 randomized trial showed that high osteopontin levels are associated with poor outcome after radiotherapy. The poor outcome could be improved by the use of the hypoxic cell radiosensitizer nimorazole, and ostepontin could be used to identify patients in whom treatment outcome could be improved by hypoxia modification (129) .
From the previous paragraphs it is clear that hypoxiaregulated genes may also be influenced by other stressors such as altered glucose and pH levels. Therefore, a proper understanding of how the tumor microenvironment regulates the expression of the endogenous hypoxia-related cell markers is needed before these can be implemented in clinical practice.
INDIRECT MEASUREMENTS OF OXYGEN TENSION: EXOGENOUS HYPOXIC CELL MARKERS
Exogenous hypoxic cell markers are drugs, chemicals or bacteria that, after administration, specifically accumulate or become reduced within tumor cells under hypoxic conditions.
Bacteria such as intravenously injected clostridia spores have the ability to infiltrate and selectively colonize hypoxic/necrotic regions of experimental tumors. The bacteria can be genetically engineered to secrete therapeutic proteins such as tumor necrosis factor ␣ (130) or to express a reporter gene encoding, for instance, green fluorescent protein (GFP) (131) . Expression of the reporter gene provides information about the regions in which the bacteria accumulate. Although reporter genes have been detected so far only by imaging of small animals, it is a technique that can become useful for monitoring delivery of therapeutic proteins specifically targeting hypoxia cells.
One of the most sensitive methods for detecting hypoxia is based on the observation that binding of 2-nitroimidazoles to cellular macromolecules occurs as a result of hypoxia-dependent irreversible bioreduction by cellular nitroreductases at pO 2 levels below approximately 10 mmHg (132) (133) (134) . Reduction and binding are integrated over the time of drug exposure under hypoxic conditions and are inhibited as a function of increasing oxygen concentration. Several 2-nitroimidazoles can be used as hypoxia markers and provide an inverse and indirect measurement of tumor oxygenation. Some of the features of the most commonly used 2-nitroimidazoles such as CCI-103F (135, 136) , misonidazole (137) (138) (139) , pimonidazole (132, 140) and EF5 (133, 141) are listed in Table 1 . The latter three are approved for clinical use, and several methods are available for detection of these markers. For instance, radioactively labeled 2-nitroimidazoles can be detected by noninvasive methods such as PET (142) (143) (144) , MRS (71, 136) and SPECT (144) or by autoradiography (138) . Antibodies raised against reduced and bound bioreductive markers can be used for detection of hypoxic cells by means of three different immunoassays; the enzyme-linked immunosorbent assay (ELISA), flow cytometry (FCM) or immunohistochemistry (IHC) of frozen or paraffin-embedded sections (132, 133, (145) (146) (147) (148) (149) (150) (151) (152) . Table 2 shows an overview of the assays that are suitable for detection of the most common 2-nitroimidazoles.
The ring structure and the nitro group are characteristic features of all 2-nitroimidazoles, resulting in a similar oxygen dependence of these drugs. However, the pharmacokinetics and accumulation rates of these drugs differ because of unique properties of the side chains (Table 1) . For instance, at simultaneous administration or at short times between injection, pimonidazole binds more extensively (factor of 1.1-1.2) and more rapidly than CCI-103F (153) (154) (155) . Only 30 to 60 min is needed for distribution and binding of pimonidazole for visualization by immunohistochemistry compared to 2.5 h for CCI-103F ( Table 2 ). The reduction and binding of 2-nitroimidazoles are dependent on oxygen, but the total amount of bound marker is also affected by the accumulation rates in individual hypoxic cells. In contrast to CCI-103F and EF5, the accumulation rate of pimonidazole is dependent on pH. This can explain the excess of pimonidazole binding that occurs mainly at the vessel side of the diffusion-limited hypoxia, corresponding to the area with an increasing gradient between the intracellular and extracellular pH. There is reason to assume that transient hypoxia will be preferentially detected by pimonidazole since regions of fluctuating hypoxia are likely to occur in the vicinity of the blood vessels.
The reduction and subsequent binding of the bioreductive markers require not only hypoxia but also intact nitroreductase enzymes (156) . Therefore, these markers detect only viable hypoxic cells and not necrotic cells. Differences in nitroreductase activities among different cell types can affect the intracellular concentration of reduced intermediates in hypoxic cells. This may contribute to discrepancies in the quantitative analysis of hypoxia, especially in tumors of different origins.
The reduced marker intermediates bind to cellular macromolecules, with proteins being the major binding site (135) , and after binding both the side chain and the ring structure are retained (157) (158) (159) (160) . Upon binding, the 2-nitroimidazoles are fairly stable, but ultimately these will become metabolized. Differences in the stability of reduced and bound markers have been reported, indicating that intracellular pimonidazole and 18 F-misonidazole labeling are more stable than CCI-103F labeling (146, 147) . As an explanation, it was suggested that the more hydrophobic side chain of CCI-103F could be more prone to hydrolysis than the hydrophilic side chain of pimonidazole (147) . Potentially, metabolism of bound adducts could be caused by generalized protein turnover or cell division. However, other mechanisms are involved as well, since differences in the turnover rates of reduced CCI-103F or pimonidazole adducts have been observed among spontaneous canine tumors (146, 147) . In addition, turnover rates of hypoxic tumor cells ranging from 16 to 54 h were observed among different solid tumor lines (154) . Therefore, the stability of the bound marker in viable tumor tissue and the different hypoxic cell turnover rates should be taken into account when assessing hypoxia in tumors that are excised or biopsied later than 16-24 h after injection of the hypoxia markers.
As mentioned earlier, binding of 2-nitroimidazoles in hypoxic cells is integrated over the exposure time, and the labeled cells are often separated from the vasculature by several layers of nonstained relatively normally oxygenated cells. Therefore, it is assumed that 2-nitroimidazoles predominantly label diffusion-limited hypoxic cells (12, 25, 31, 33, 151, 161) . However, repeated short episodes of hypoxia may also be detected, which could explain the presence of pimonidazole binding near functional, perfused blood vessels within 30-60 min after injection of the hypoxia marker (152) . Similarly, tumor cells labeled with both a bioreductive hypoxia marker and a subsequently injected S-phase marker (indicating replicative DNA synthesis) may be transiently hypoxic (149, 150, 162) , although such overlap could also be present in intermediate hypoxic areas.
Radiolabeling of 2-Nitroimidazoles
Most radiolabeled probes for the detection of hypoxia have the radioactive element attached to bioreductive hypoxia markers, which generally are 2-nitroimidazoles. The ideal tracer should be highly specific and readily incorporated in hypoxic cells with a rapid washout. Subsequently, the activity detected by PET or SPECT imaging should reflect the uptake with a good signal-to-noise ratio. The data on hypoxia can be assessed quantitatively in relation to additional biological and pathological characteristics of tissue such as metabolism, proliferation and blood flow (163 FETNIM is the rapid clearance rates allowing shorter intervals between injection and measurements compared to 18 F-MISO (164, 165) .
Several small clinical studies including advanced head and neck cancer, lung cancer, cervical carcinomas and prostate cancer indicate that detection of hypoxia with PET is feasible. An advantage of 18 F-MISO PET is that it can be used repeatedly for tumor diagnosis and treatment followup. In addition, it has been demonstrated for various tumor sites that PET-based imaging of hypoxia has potential for monitoring the effect of therapy and predicting tumor response (166) (167) (168) (169) . Therefore, FMISO PET has a great potential to become an important and useful tool for prognostic and predictive assays, especially in patients where surgery is not indicated, and repeated scans may provide a tool to revise treatment strategies.
Analysis of PET in relation to CT can detect some degree of spatial heterogeneity of hypoxia at the macroscopic level (144, 170 (171) .
In experimental studies, immunohistochemistry of CCI-103F yielded comparable patterns of binding compared to autoradiography of misonidazole in both spheroids and tumor sections (135) . Also, the patterns of pimonidazole detected with immunohistochemistry were comparable to autoradiography of misonidazole (140) . These studies indicate that those markers have similar oxygen dependences.
Immunodetection of 2-Nitroimidazoles
Reduced and bound 2-nitroimidazoles are stable in tumor cells during normal histological processing, and detection with antibodies is a relatively rapid method. CCI-103F was the first (135) and NITP (172) was the second hypoxia marker that could be detected by means of antibodies. A disadvantage of these substances was the poor water solubility. In mice, a vehicle of DMSO and peanut oil was REVIEW necessary for intraperitoneal administration, and these markers were never approved for clinical use (172) . This led to the development of antibodies against more suitable hypoxia markers such as EF5 (173) and pimonidazole (132) . Unfortunately, attempts to raise antibodies against reduction products of misonidazole, the most widely used imaging agent, resulted in antibodies with relatively weak specificity that were unsuitable for general use (171) .
Enzyme-Linked Immunosorbent Assay
The enzyme-linked immunosorbent assay (ELISA) is an easy and rapid method for quantitative analysis of the concentration of bound hypoxia marker in a large number of tumor cells. Since cell lysates are used for the measurements, the assay does not give information about the number of labeled cells or their spatial distribution. In addition, with ELISA no discrimination can be made between normal and tumor cells. Moreover, this assay cannot distinguish between a large number of cells with low to intermediate binding and a low number of cells with high-intensity binding of the hypoxia markers, since each of these situations may result in the same antigen concentration. All quantitative measurements of the amounts of reduced and bound bioreductive markers may be affected by intertumoral differences in reductase levels. However, due to the use of total cell lysates, ELISA is more sensitive to intertumoral differences in reductase activities compared to assays that detect hypoxia marker labeling as function of labeled tumor surface fraction or of the fraction labeled intact tumor cells. An advantage of ELISA is that it is suitable for rapid screening of the presence or absence of tumor cell hypoxia in large series (146, 147, 174) .
Flow Cytometry
Flow cytometry allows rapid analysis of a large number of tumor cells in single cell suspension. Using triple staining, hypoxia can be compared to other tumor cell markers on an individual cell basis (148, 150) . In addition, cell sorting of hypoxic cells, based on the fluorescence intensity of the perfusion marker Hoechst 33342, provides information about the distribution of hypoxic cells as a function of the distance from the perfused (functional) blood vessels (148, 175) . Simultaneous analysis of NITP, BrdUrd and total DNA content analyzed with flow cytometry provided the first evidence of a small hypoxic cell population in active cell cycle (150) . Analysis of bioreductive hypoxic cell markers in relation to markers of cell proliferation in tumor sections confirmed this observation (149) , but proliferating hypoxic cells may not be present in all tumors (148) .
Tumor Sections
Immunostaining of tumor sections for 2-nitroimidazoles allows microscopic image analysis of the spatial distribution of individual hypoxic cells relative to microenvironmental parameters such as vasculature, proliferation and endogenous hypoxia-related markers (12, 25, 33, 101, 102, 149, 176) . This provides in vivo-ex vivo information of the physiology of hypoxic cells in relation to other important cellular processes (Fig. 1) . Immunohistochemical analysis of exogenous hypoxia markers has been applied in both experimental and clinical studies. Also, direct comparisons can be made between primary tumors and the corresponding xenografts such as illustrated by a comparison of the endogenous proliferation marker (Ki67) between patient biopsies and the corresponding xenografts (177) . In experimental tumor models, intratumoral changes in hypoxia can be analyzed by means of consecutive injections of two different hypoxia markers (Fig. 2) . It is also possible to combine microscopic analysis of 2-nitroimidazoles with other imaging modalities such as PET.
In tumor sections, hypoxia can be quantified by estimating the fractions of stained cells by visual semi-quantitative scoring or digital image analysis (12, 25, 100, 151, 178) . Hypoxia can also be quantified as a function of the fluorescence intensity of bound markers calibrated against in vitro binding of the bioredcutive markers in hypoxic cells at a known pO 2 (67) . In tumor sections from patients with head and neck carcinomas of the same stage and anatomical origin, three different spatial patterns of hypoxic tumor cells were observed: (1) patchy hypoxia, (2) band-like hypoxia at large distances from the vasculature, and (3) tumors with hypoxia near the tumor vasculature (33) . These have also been observed in human tumors of different origin and in canine tumors as well as in xenografts of human head and neck carcinomas grown in nude mice (25, 31, 149) . The clinical relevance of the hypoxia patterns is not yet known, but they may be related to hypoxia tolerance, hypoxic cell turnover rate and cell loss.
APPLICATIONS OF IMMUNOHISTOCHEMICAL ASSAYS
Predictive Value of Pimonidazole
As mentioned earlier, tumor cell hypoxia contributes to resistance to radiation. In addition, the efficacy of oxygenmodifying treatments aimed at improving tumor oxygenation may vary among individual patients. Therefore, development of reproducible and rapid predictive assays may improve the ability to select patients that would benefit from specific oxygen-modifying treatments. In a recent clinical study of head and neck tumors, high pimonidazole binding correlated with poor treatment outcome (12) . This has also been observed with EF5 in soft tissue sarcomas (49) . In the head and neck study, the benefit of hypoxiabased intervention with ARCON [accelerated radiotherapy combined with carbogen (95% O 2 and 5% CO 2 ) and nicotinamide] was confirmed since the predictive power of pimonidazole binding disappeared in the ARCON-treated group (12) . Although these results are promising, the clinical experience with exogenous hypoxia markers is limited to studies with small numbers of patients. The possibility to use pimonidazole as a predictive marker will be evaluated in an ongoing randomized phase III ARCON trial (179) , in which the most promising endogenous markers of hypoxia and proliferation will also be validated against pimonidazole binding.
Novel assays such as assessment of hypoxia with the bioreductive markers pimonidazole and EF-5 have been compared to the Eppendorf electrode since the latter has been regarded as the gold standard for clinical studies. One study showed a correlation between the hypoxic fraction determined by pimonidazole binding and pO 2 (180), while others did not report significant correlations (181) (182) (183) . The poor spatial resolution in the electrode data compared to the detailed microregional information obtained by the hypoxia markers can explain some of the discrepancies between these assays (182, 183) . In contrast, the hypoxic fraction of pimonidazole correlated better with the radiobiological hypoxic fraction in individual cells assessed by the comet assay than with Eppendorf measurements. This demonstrates the limitations of the Eppendorf method at the microregional and cellular levels (50) . The hypoxic fractions determined using pimonidazole or EF5 measured in tumor biopsies predicted outcome for patients treated with radiotherapy (12, 49) and may therefore become a new gold standard for assays detecting hypoxia at the cellular level.
Dynamics of Hypoxia: Consecutive Injection of Hypoxia Markers
In tumor sections stained for hypoxia markers, treatmentinduced changes in hypoxia can be visualized in relation to the vascular architecture and other cellular markers. In the xenografted human squamous cell carcinoma SCCNij3, carbogen breathing resulted in a decrease of hypoxia, detected with NITP, and of proliferation, detected with BrdUrd, compared to the air-breathing control animals. Thus a simultaneous improvement in oxygenation (reduced hypoxia) and decrease in tumor cell proliferation were observed and quantified (184) . This technique has also been applied in human tumors grown as xenografts to study for instance the effects of the antiangiogenic compound SU-5416 (185) or radiation (151) on hypoxia in relation to vasculature and blood perfusion.
A pioneering study using two consecutively injected perfusion markers, Hoechst 33342 (175, 186) and DiOC7(3) (187, 188) , provided direct evidence of transient changes in blood perfusion in vivo (38) , suggesting the presence of temporal fluctuations in tumor oxygenation. It inspired development of double hypoxia marker assays with consecutive injections of two different 2-nitroimidazoles for analysis of changes in hypoxia in individual experimental tumors (153, 154, 164, (189) (190) (191) (192) . Since each tumor serves as its own control, these assays eliminate the effect of in- tertumor heterogeneities in hypoxic fractions within the same tumor line and histology.
The first double hypoxia marker study used ␤-D-iodinated azomycin galactoside (IAZG) labeled with iodine-125 and ␤-D-iodinated azomycin xylopyramoside (IAZXP) labeled with iodine-131. The hypoxia markers were detected with SPECT. Upon co-injection in rodent tumors, the intratumoral variation of the two markers was only 4%. In contrast, at an injection interval of 2.5 to 3 h, a mismatch that was larger than 8% was found in 8 of 18 tumors. This was interpreted as evidence for significant amounts of transient hypoxia (190) . With this assay, significant changes in labeling between the first and second marker were found upon treatment with carbogen and nicotinamide. An advantage of that assay was that two almost identical hypoxia markers were used, but a disadvantage was the poor spatial resolution. In a study of human tumors grown as xenografts, sequential administration of multiple doses of pimonidazole resulted in significantly larger hypoxic fractions compared to a single administration of CCI-103F. The hypoxia markers were detected by means of flow cytometry, and the difference between pimonidazole and CCI-103F was interpreted as the amount of hypoxic cells exposed to intermittent periods of hypoxia. The proportion of tumors with transient hypoxia was 20% in SiHa tumors compared to 8% in WiDr tumors, indicating that large heterogeneities exist between solid tumors of different histology and origin (189) . The presence of transient hypoxia can also be detected by means of immunohistochemistry upon sequential injection of two hypoxia markers. Presumably, the tumor cells that are labeled with only the first or only the second hypoxia marker in the human head and neck tumor line grown as xenograft (Fig. 2) experienced transient changes in hypoxia during the 2-h interval between the injections of the hypoxia markers.
Upon consecutive injection of the two hypoxia markers, microscopic image analysis of tumor sections can be used for analysis of both spatial and temporal changes in hypoxia in relation to the vascular architecture and other cellular markers (153, 154, 191) . Examples of applications using this technique include changes in hypoxia during carbogen breathing (153, 191) , after hydralazine treatment (153) , and after irradiation (192) . In addition, the dynamics of hypoxic cells in untreated tumors have been analyzed with this technique (154) . By varying the sequence of injection of pimonidazole and CCI-103F, the pharmacokinetic differences between these markers can be exploited. For instance, using pimonidazole as the second marker, it is possible to detect rapid changes in hypoxia since the time between injection and tumor resection can be as short as 30 min (153) . In contrast, when studying the dynamics of hypoxia over longer times, pimonidazole is preferred as the first marker due to its high intracellular stability. With consecutive injection of the clinically approved markers pimonidazole and EF5, the double hypoxia marker assay can be developed to monitor effects of different oxygen-modifying treatments in individual patients. This approach should be explored. Figure 3 shows an example of the double hypoxia marker assay applied in a study on the effect of carbogen breathing in relation to vasculature and blood perfusion in the human squamous cell carcinoma xenograft line SCCNij3. Carbogen breathing resulted in a decrease in hypoxia since there was significantly lower binding of the second hypoxia marker pimonidazole (right) compared to the reference marker CCI-103F (left). The decrease was most pronounced in hypoxic areas near perfused vessels, but in larger perinecrotic areas, there was an evident but not complete decrease in hypoxia (153) . These cells were situated beyond the diffusion gradient of oxygen even after hyperoxygenation and were probably also subject to reduced concentrations of nutrients, yet these cells were exposed to the hypoxia markers and were still metabolically able to reduce and bind the hypoxia markers. It is likely that these hypoxic cells would die within a short time in unperturbed tumors, but it is a cell population that could become important upon reoxygenation during radiotherapy.
Effects of Oxygen-Modifying Treatments
Hypoxic Cell Turnover Rate
Consecutive injections of the two hypoxia markers pimonidazole and CCI-103F with different intervals have been performed in the murine C38 colon adenocarcinoma tumor line (Fig. 4) . Pimonidazole was given at variable times (2-120 h) before CCI-103F. The latter was always given 2.5 h before the animals were killed as reference level of hypoxia at time of analysis. At short times, there was a good spatial co-localization of the two markers. In contrast, at longer times, the first hypoxia marker decreased. This resulted in the appearance of a few cell layers labeled only with the second hypoxia marker at the vessel side of areas that were stained for both hypoxia markers. Cell debris in necrotic areas that was labeled with the first hypoxia marker indicated that the decrease in the first hypoxia marker was caused by death of initially hypoxic cells (154) . Those cells were viable and hypoxic at the time of the first marker injection, which resulted in binding, but in the interval between binding and tumor excision, those cells had died and were subject to fragmentation. By calculating a normalized ratio of the hypoxic fractions for the first over the second REVIEW   FIG. 4 . The murine colon adenocarcinoma C38 tumor with vasculature (9F1, white), the first hypoxia marker pimonidazole (green), and the second hypoxia marker CCI-103F (red). Overlap of the two hypoxic markers is yellow (red ϩ green). Panel A: An excellent spatial match of the first and second hypoxia marker at a short injection interval in a tumor from an untreated animal was observed. Panel B: At 28 h after injection of the first hypoxia marker in an untreated animal, a red margin of the second hypoxia marker only (red) had appeared at the vessel side of tumor cells labeled with both hypoxia markers. The difference in labeled areas between the first and second hypoxia marker reflects hypoxic cell turnover. Panel C: At 28 h after treatment with a single dose of X rays (20 Gy), the number of remaining cells that were labeled with the first marker (hypoxic at time of irradiation) was larger than in panel B, indicating that the turnover rate of initially hypoxic cells decreased after irradiation. In addition, after irradiation the oxygenation status increased since the second hypoxia marker CCI-103F (red) had decreased compared to the untreated examples (panels A and B). Scale bar ϭ 1 mm.
hypoxia marker for a number of times, the half-life of the turnover rate of hypoxic tumor cells was calculated. Among the three different tumor lines that were analyzed in that study, the hypoxic cell turnover rate differed by a factor of three (154) . The observed tumor cell line dependence is supported by other studies, which indicate that the life span of hypoxic cells may range from a few hours to several days (147, (193) (194) (195) (196) (197) (198) . The tumor cell line-dependent differences in hypoxic cell turnover rate and tumor growth illustrate that it is impossible to extrapolate data from a single tumor model to a diverse population of primary tumors. Furthermore, the data indicate that the optimal timing of combined modality treatment schedules can be dependent on the tumor, which should be taken into consideration in the design and interpretation of experimental and clinical studies.
Dynamics of Hypoxic Cells after Irradiation
The double hypoxia marker assay was also used to study the effect of radiation (20 Gy, single dose) on hypoxia, proliferation and cell death (apoptosis) in the murine C38 tumor line (192) . The spatial distribution of the two hypoxia markers at short injection intervals was used as control (Fig. 4A) . The first hypoxia marker, pimonidazole, was given 1 h before treatment to label cells that were hypoxic at the time of irradiation. The second hypoxia marker (CCI-103F, red) was given at variable times after irradiation and always at a fixed time, 2 h, before tumor excision. Most tumor cells that were hypoxic at time of irradiation had an improved oxygenation status at 8 h after treatment that remained unchanged over the subsequent 20 h (Fig. 4C) . In addition, it was concluded that radiation caused a significant decrease in the turnover rate of cells that were hypoxic at the time of irradiation since a larger number of initially hypoxic cells were present in irradiated tumors (Fig. 4C ) compared to the untreated tumors (Fig. 4B) (192) . This is in agreement with other studies showing that radiation-induced temporary improvements of tumor oxygenation can occur within hours and may last for a few days (151, (199) (200) (201) (202) (203) . Therefore, in many tumors, a radiation-induced improvement in oxygenation status will affect the efficacy of the subsequent dose in a fractionated treatment schedule. It is likely that the kinetics of reoxygenation is affected by intrinsic differences in the turnover rate of hypoxic cells, which may contribute to intertumor heterogeneities in radiation response. In the murine C38 tumor line, the improved oxygenation status after irradiation was interpreted as a decrease in the net cellular respiration resulting from a lower number of proliferating cells and decreased cell density as shown by proliferation and apoptosis markers in combination with the double hypoxia marker assay (192) . Although the study was limited to one tumor line, it illustrates the possibility to study multiple parameters in one biopsy or tumor after injection of two hypoxia markers, one proliferation marker and visualization of apoptosis. This assay can also provide information about temporal and spatial changes for different cellular processes and allows interpretation of treatment effects in relation to specific tumor cell populations (192) .
Development of this assay for clinical use would provide a means of dynamic measurements of hypoxia during oxygen-modifying treatments such as carbogen breathing and could enable selection of responding and nonresponding 139 REVIEW patients. For the nonresponders, a reduction of unnecessary overtreatment would result in decreased side effects for these patients, allowing selection of another treatment modality that might be more appropriate, for example specifically targeting hypoxic cells, for instance with tirapazamine. The double hypoxia marker assay provides a means to study the effect of novel treatments on the dynamics of hypoxic tumor cells in experimental tumors. If performed on a panel of experimental tumor lines with large differences in the dynamics of hypoxia, this technique can provide a basis for further development of predictive assays and improved design of combined-modality treatments.
SUMMARY
There is convincing evidence of the clinical importance of tumor hypoxia, but detection of hypoxia is still limited in routine clinical practice. Many investigators have regarded the Eppendorf electrode, which is limited to easily accessible tumors and a few research centers, as a gold standard. However, assays for routine clinical use need to be user friendly and preferable commercially available at reasonable cost. PET-or MR-based noninvasive imaging techniques are potential candidates for routine use, although the poor spatial resolution is a limitation of these methods. These techniques still need to be validated against knowledge of hypoxia at the microscopic level. Bioreductive drugs that label metabolically active hypoxic cells such as pimonidazole and EF5 are appropriate for this purpose, and both pimonidazole and EF5 have potential value for prediction of the treatment outcome. Bioreductive hypoxia markers can be detected with several techniques such as PET and autoradiography and in tumor sections by microscopic imaging techniques. With the latter, hypoxia can be studied in relation to other microenvironmental parameters such as vasculature and proliferation at high spatial resolution. Sequential injection of two different exogenous hypoxia markers in experimental tumors has demonstrated that in tumor sections, spatial and temporal changes in hypoxia can be analyzed in relation to other tumor microenvironmental parameters. This technique can be used for analysis of changes in hypoxia in both treated and untreated tumors and can be applied clinically by means of sequential administration of pimonidazole and EF5. 
